Spatial memory enhances an organism's navigational ability. Memory typically resides within the brain, but what if an organism has no brain? We show that the brainless slime mold Physarum polycephalum constructs a form of spatial memory by avoiding areas it has previously explored. This mechanism allows the slime mold to solve the U-shaped trap problem-a classic test of autonomous navigational ability commonly used in robotics-requiring the slime mold to reach a chemoattractive goal behind a U-shaped barrier. Drawn into the trap, the organism must rely on other methods than gradient-following to escape and reach the goal. Our data show that spatial memory enhances the organism's ability to navigate in complex environments. We provide a unique demonstration of a spatial memory system in a nonneuronal organism, supporting the theory that an externalized spatial memory may be the functional precursor to the internal memory of higher organisms. extracellular slime | protist | reactive navigation | amoeboid organism
Spatial memory enhances an organism's navigational ability. Memory typically resides within the brain, but what if an organism has no brain? We show that the brainless slime mold Physarum polycephalum constructs a form of spatial memory by avoiding areas it has previously explored. This mechanism allows the slime mold to solve the U-shaped trap problem-a classic test of autonomous navigational ability commonly used in robotics-requiring the slime mold to reach a chemoattractive goal behind a U-shaped barrier. Drawn into the trap, the organism must rely on other methods than gradient-following to escape and reach the goal. Our data show that spatial memory enhances the organism's ability to navigate in complex environments. We provide a unique demonstration of a spatial memory system in a nonneuronal organism, supporting the theory that an externalized spatial memory may be the functional precursor to the internal memory of higher organisms. extracellular slime | protist | reactive navigation | amoeboid organism I n simple terms, memory can be defined as the storage and retrieval of information relating to past events (1, 2) . The concept of an externalized memory has been applied to the pheromone trails used by many species of ant. By depositing pheromone, individual ants externalize their memory of the route from the nest to a food source. Externalizing their memory not only allows individual ants to efficiently communicate the location of food sources found to their nestmates, but also frees foragers from having to store memories of the route within themselves (3) . The network of pheromone trails within the environment is the externalized collective memory of the entire colony (4) . The deposition of, and reaction to, chemical markers in the environment was most likely a functional precursor to internal memory, allowing biological systems with primitive information-processing systems to solve tasks requiring spatial memory (5, 6) . One such task that would clearly benefit from some form of spatial memory is navigation.
Autonomous artificial systems, such as robots, may use a preconstructed symbolic map to navigate through their environment, or may build their own map from the data they acquire during exploration. This approach is expensive, however, requiring additional on-board memory capacity, supplementary data processing capabilities, or both. "Reactive navigation" is an alternative mechanism that allows effective navigation, requiring the robot to interact only with its immediate environment, and to maintain only a state memory (7) (8) (9) . However, without some form of memory, goal-oriented autonomous robots using reactive navigation have difficulty navigating toward a goal in complex environments and often become trapped by obstacles (8) (9) (10) . Providing the robots with a spatial memory relating to the local environment only has proved sufficient for the autonomous units to efficiently solve complex navigational challenges (8) .
The slime mold Physarum polycephalum is a unicellular, multinucleate protist that relies on reactive navigation to explore its environment. The vegetative state of P. polycephalum (known as a plasmodium) is composed of many smaller oscillating units. Each unit oscillates at a frequency dependent upon both the local environment and its interactions with neighboring oscillators (11) . When the slime mold senses attractants, such as food, via specific binding to receptor molecules presented on the outer membrane surface (12) , the oscillation frequency in the area closest to the food increases, causing cytoplasm to flow toward the attractant (13) . Additionally, binding of attractant molecules to sections of the surface membrane reduces the tension at that section, leading to a difference in internal hydrostatic pressure, such that cytoplasm flows toward the source of attractants (12) . When repellents such as salts and light are detected, oscillation frequency decreases and membrane tension increases (12) . The collective behavior of the oscillators, each passing on information to entrain its neighbors, drives the organism's locomotion.
As it moves, the plasmodium leaves behind a thick mat of nonliving, translucent, extracellular slime ( Fig. 1 ). This extracellular slime is a high molecular weight, polyanionic glycoprotein (14) , consisting largely of sulfated galactose polymers (15) . As the plasmodium is foraging, we found that it strongly avoids areas that contain extracellular slime. This avoidance behavior is a "choice" because when no previously unexplored territory is available, the slime mold no longer avoids extracellular slime (see further). The slime mold's behavioral response strongly suggests that it can sense extracellular slime upon contact, and uses its presence as an externalized spatial memory system to recognize and avoid areas it has already explored.
To examine the importance of memory in spatial navigation in complex environments, we challenged the slime mold with a navigational task common in mobile robot navigation: the Ushaped trap problem. In this problem, the robot requires an external spatial memory to avoid getting trapped in a U-shaped obstacle (8) (9) (10) . We tested the importance of an external spatial memory in the slime mold by challenging the organism with a U-shaped trap problem when it could use the presence of extracellular slime to navigate and when it could not.
Results
We first determined that the slime mold avoids areas it has visited before by providing P. polycephalum plasmodia with a choice between agar containing extracellular slime and blank agar in an agar Y-maze ( Fig. 2) . At the terminus of each arm we placed an identical food source. Hence, the only factor in the plasmodia's decision of which arm to traverse was the presence or absence of extracellular slime. When one arm contained extracellular slime, 39 of 40 plasmodia chose the blank agar arm (P < 0.001, binomial test). We therefore concluded that while the plasmodium is foraging, it strongly avoids areas that contain extracellular slime. When both arms of the Y-maze contained extracellular slime, plasmodia did not show a preference for one arm over the other (P = 0.93, n = 23, split decisions: n = 1, binomial test), indicating that the avoidance response is overridden in the absence of choice. This finding indicates that the avoidance behavior is a choice because when no previously unexplored territory is available, the slime mold no longer avoids extracellular slime. Plasmodia did not show a bias toward either the left or right arm when both arms contained blank agar (P = 0.636, n = 40, binomial test). The slime mold's behavioral response strongly suggests that it can sense extracellular slime upon contact, and uses its presence as an externalized spatial memory system to recognize and avoid areas it has already explored.
We then tested the slime mold's navigational ability using the U-shaped trap problem. The set-up (Fig. 3) consisted of a Petri dish with an acetate U-shaped trap placed between the plasmodium and a well in the agar containing food: an attractive 2% (wt/vol) glucose solution, the "goal" (16) (17) (18) . The diffusing glucose solution produced an attraction gradient through the agar, drawing the plasmodium toward the glucose source and into the U-shaped trap. The U-shaped trap, essentially an acetate sheet laid on the agar surface, did not interfere with the diffusion of glucose through the agar, but the dry surface of the acetate prevented the plasmodium from moving over it.
We challenged our slime mold to reach the glucose goal on substrates of either blank agar or agar containing fresh extracellular slime. The coating of extracellular slime masked the plasmodium's own trail, thus interfering with its ability to use the presence of slime as an externalized spatial memory. We therefore expected the slime mold's ability to navigate in complex environments to be diminished. In particular, we expected plasmodia to take longer to reach the goal on the substrate of extracellular slime, and to spend longer within the bounds of the U-shaped trap, compared with plasmodia on blank agar. We further expected the plasmodia on the extracellular slime-coated substrate to spend more time moving over areas they had explored previously, as their own slime trail was masked by the substrate coating, and to subsequently take an overall longer route from the start zone to the goal.
Of the 24 plasmodia run on a substrate of blank agar, 96% reached the goal within the experimental time limit of 120 h (Fig.  4A ), but only 33% of 24 plasmodia reached the goal when the agar was coated with extracellular slime [χ 2 (1,48) = 20.493, P < 0.001, two-sample binomial test]. Of the plasmodia that successfully reached the goal within the allotted time (Fig. 4B) , those on blank agar found the goal significantly faster than those on agar coated with extracellular slime [t (29) = −2.667, P = 0.012, independent samples t test, n = 23 for blank agar, n = 8 for extracellular slime]. The U-shaped trap held plasmodia for a significantly longer period when the agar was coated with extracellular slime [t (46) = −2.539, P = 0.016, independent samples t test, n = 24 for both treatments] (Fig. 4C) . The average amount of time spent traveling over areas they had previously explored was almost 10-times greater in the extracellular slime-coated treatment than in the blank agar treatment [t (46) = −2.147, P = 0.042, independent samples t test, n = 24 for both treatments] (Fig. 4D ). Plasmodia traveled a significantly shorter distance in the blank agar treatment, and were much closer to the predicted optimal path length [t (46) = −5.964, P < 0.001, independent samples t test, n = 24 for both treatments] (Fig. 4E ) than in the extracellular slime treatment (see Movies S1 and S2 to view plasmodia negotiating U-shaped traps on blank and extracellular slime-coated agar). Speed differences resulting from the presence of extracellular slime were not responsible for the results, as the mean speed of the plasmodia did not differ between treatments [t (46) = −0.956, P = 0.345, independent samples t test, n = 24 for both treatments] (Fig. 4F) .
To test if the coating of extracellular slime interfered with the perception of glucose food cues by the plasmodia, we used the same set-up but without the trap (n = 13 for blank agar, n = 16 for extracellular slime). We found no evidence for reduced glucose cue perception because of the presence of the extracellular slime coat [time taken to reach the target: t (27) = −0.904, P = 0.374, independent samples t test; total distance traveled: t (27) = −0.732, P = 0.471, independent samples t test; speed: t (27) = 0.141, P = 0.889, independent samples t test]. Only one replicate in each treatment failed to reach the target in the time limit of 120 h.
Discussion
We predicted that the loss of externalized spatial memory would hinder the slime mold's ability to escape the U-shaped trap. Indeed, when the agar substrate was covered in extracellular slime, the plasmodia took much longer to reach the goal compared with plasmodia that could use the presence of extracellular slime to determine where they had been before. We also showed that in simple environments-those without U-shaped traps-the use of externalized spatial memory is not necessary for effective navigation. In complex environments, however, the use of an externalized spatial memory system greatly enhances navigational ability. Nakagaki et al. have shown previously that P. polycephalum is capable of solving labyrinthine mazes (19, 20) and other shortestpath problems (21) (22) (23) . When solving a maze or connecting several food sources using the most efficient network, the slime mold first explores its entire environment, with cytoplasm simultaneously covering all exploration space, before retracting cytoplasm from areas that do not contain food. The result is the construction of a single tubule when connecting two food sources only (19, 20) , or an efficient tubule network between food-source nodes (22, 23) . Although such problems appear more complex than the U-shaped trap used in the present study, the organism essentially first constructs a map of its environment before constructing a solution. In essence, maze solving and network construction are analogous to programming an autonomous robot with a symbolic map of its environment. In contrast, our work has shown that in the absence of global information about its environment, the slime mold uses the presence of extracellular slime to navigate through a complex environment simply by avoiding areas it has visited before.
Spatial navigation has been studied extensively in central place foragers, animals that continually return with their food to a fixed location. The need to return to the nest or den has led to selection for many sophisticated navigation mechanisms. The desert ant Cataglyphis, while traveling out from its nest to forage, continuously calculates distance traveled by counting its steps and keeps track of angles turned, integrating this information into a constantly updated vector that will lead the ant home via the shortest path (24, 25) . Many insects, including species of ants, bees, and wasps, use landmarks to memorize their route to and from the nest (26, 27) . It is thus not surprising that insects are a popular model system to study navigation, providing insights into how simple mechanisms can produce robust and seemingly complex behavior (28) .
Results obtained from insect studies challenge the prevailing paradigm that navigation requires learning or otherwise sophisticated high-level spatial modules (28) . We go a step further by showing that even an organism without a (central) nervous system can effectively navigate complex environments. When foraging for immobile resources, an organism's search efficiency is expected to increase with its ability to avoid areas that have previously been explored (29, 30) . Slime molds achieve this with a simple behavioral mechanism: preferentially avoiding areas that contain extracellular slime from recent exploration.
Our study shows, in a unicellular organism, how an externalized spatial memory increases navigational ability in a way similar to that often implemented in autonomous mobile robots (10, 31, 32) . Although many advances in the development of autonomous agents are based on biological phenomena (7, (33) (34) (35) , our study was inspired by the way reactive robots use feedback from their immediate environment to avoid becoming trapped. Our study is uinque in providing empirical evidence of a spatial memory system in a nonneuronal, reactive organism, lending strong support to the theory that feedback from chemicals deposited in the environment was the first step toward the evolution of memory in organisms with more sophisticated neurological capabilities than our slime mold.
Materials and Methods
Biological Material. P. polycephalum plasmodia were maintained in the dark at 22°C on large 1% agar plates embedded with 10% (wt/vol) rolled oat flakes (Coles Smart Buy Rolled Oats). Original cultures were obtained from Southern Biological Supplies, and laboratory stocks were subcultured onto new agar-oat plates daily.
Experimental Procedure. Avoidance response. We gave P. polycephalum plasmodia a choice between agar containing extracellular slime and blank agar in a Y-maze (Fig. 2) . Each arm was 4 cm in length. At the terminus of each arm we placed a food source of 10% (wt/vol) powdered oat-agar mix. Y-mazes were constructed from 1% agar. The base of the Y-maze consisted Fig. 3 . Set-up for the U-shaped trap navigational task. The agar surface was either blank or coated in extracellular slime. An attractive 2% (wt/vol) solution of glucose was placed in a well in the agar (the goal). A 1-mm 2 piece of plasmodial search front was placed in the start zone and drawn into the bounds (dashed square) of the acetate U-shaped trap by the gradient of diffused glucose solution (white lines/arrows). The red dashed line shows the predicted optimal path; the minimum trajectory of the plasmodium responding to chemotaxis while using its externalized spatial memory system to escape the trap.
of a 1-cm 2 agar block containing 3 cm 2 of plasmodial search front. To obtain extracellular slime we allowed a culture of slime mold to migrate (8-12 h) across a 1% agar surface, leaving behind it a trail of extracellular slime. The culture used to generate the extracellular slime was the same laboratory stock as the plasmodium to be tested. As soon as the slime mold touched a food source at one of the arms, we considered this arm chosen. When the plasmodium reached both food sources at the same time, we called the decision split and excluded the replicate from analysis. Which arm contained the extracellular slime was alternated between replicates. Externalized spatial memory navigation task. To test the slime mold's navigational ability, we used a U-shaped trap (Fig. 3) . We filled Petri dishes (30 cm in diameter) with 1% agar and set half of these aside for use as a blank agar treatment. We inoculated the remaining half with a small amount (3-4 mm 2 ) of P. polycephalum. These plasmodia were allowed to explore the dish, depositing extracellular slime for 48 h. After 48 h we cut an 8.6-cm diameter circle of agar coated in extracellular slime (no plasmodial biomass) and placed into an 8.6-cm diameter Petri dish. We did the same using the blank agar to create our control dishes. We then placed an acetate U-shaped trap, measuring 5.2 cm at the base, with vertical arms measuring 3.5 cm, in the center of the Petri dish and added a 1-mm 2 piece of plasmodial search front in the start zone indicated in Fig. 3 . We filled a 0.5-cm-diameter well in the agar with 50 μL of 2% (wt/vol ) glucose solution just before adding the plasmodium. The well filled with glucose was the slime mold's goal. We used the following metrics to compare the slime mold's ability to avoid becoming trapped in the U-shaped trap in the absence and presence of extracellular slime: (i) Time taken to reach the goal from when the plasmodium first formed a search front. (ii) Time spent inside the bounds of the U-shaped trap from when the leading plasmodial pseudopod first entered the trap boundary, and ending when it exited the boundary. Where the plasmodium re-entered the trap, total time spent inside the trap was summed. (iii) Amount of time the plasmodium spent on agar containing its own slime trail from when the leading pseudopod first moved over the trail until it left the trail. Where the plasmodium moved over its slime trail multiple times, all time spent on the slime trail was summed. (iv) Total distance traveled, measured by tracing the path of the leading edge of the cell in ImageJ (36) v1.45I. (v) The average speed of the plasmodium, calculated using the total distance traveled and the time taken to reach the goal. Where the plasmodium did not reach the goal after 120 h, we calculated the mean speed by dividing the total distance traveled by the full experimental time of 120 h. We used t test for independent samples to compare our metrics between plasmodia moving on blank agar and those moving on agar containing extracellular slime. We used a two-sample binomial test to compare the proportion of plasmodia that reached the goal between the two treatments. Statistical analyses were performed using IBM SPSS Statistics v19.
Photographs were taken every 5 min with a Sony HDR-HC5 Handycam for 120 h. The camera was mounted 30 cm above the experiments inside a custom built darkbox containing 200 mL of water. This set-up was designed to reduce ambient light and increase humidity in the microenvironment surrounding the slime mold while allowing flash photography from above.
